Introduction
Thermal diffusivity values of steels at elevated temperatures are important to control continuous casting and hot rolling processes. Computer simulation with a model is frequently used and such works are quite useful to improve the productivity and the energy saving by optimizing the processes. In these simulation studies, accurate values of thermal properties as a function of temperatures are strongly required to improve the reliability of the model. However, the thermal diffusivity values of steels with sufficient reliability are not available at high temperature, particularly at temperature above 1 400 K, 1) because of experimental difficulties. On the other hand, a laser flash method is well recognized as a powerful tool for measuring thermal diffusivity of a solid specimen at elevated temperature. In this laser flash measurement, an accurate value of the specimen thickness at desired temperature is essentially required to determine thermal diffusivity. However, the linear thermal expansion values of steels are not available at high temperature. 2) In addition, the experimental uncertainty of the thermal diffusivity value of steels is also affected by the change in specimen thickness at temperature near solidus under vacuum.
In order to overcome these difficulties, the linear thermal expansion values of steels are measured in the temperature range from room temperature to solidus. In addition, the variation of the specimen thickness with sufficient reliability is estimated from the thickness values of quenched specimens. Then, the laser flash method is also applied to three carbon steels (ultra low carbon, low carbon, and medium carbon steels) and three special steels (1.2% silicon, 9% nickel and 13% chromium steels). This includes the variation of the specimen thickness during the course of measurement.
The main purpose of this work is to obtain the thermal diffusivity values of commercial steels with typical chemical composition at high temperatures close to solidus systematically and to provide the recommended thermal diffusivity values as a function of temperature.
Experimental Method
Chemical compositions and some relevant properties of six steel specimens are summarized in In order to obtain thermal diffusivity of steels at elevated temperature with sufficient reliability using a laser flash method, an accurate value of specimen thickness is essentially required. Accordingly, a linear thermal expansion coefficient of steels was systematically measured in the temperature range from room temperature to 1 676 K. Since the decrease in specimen thickness was detected after the measurement of thermal diffusivity under vacuum at high temperature close to solidus, such a factor was quantitatively estimated from the thickness values of quenched specimens. Combining these two results, the thermal diffusivity values were successfully determined for ultra low carbon, low carbon, medium carbon, 1.2 % silicon, 9 % nickel and 13 % chromium steels in the temperature range from room temperature to 1 676 K using the laser flash method.
KEY WORDS: thermal diffusivity; elevated temperature; thickness of specimen; steel; linear thermal expansion coefficient; laser flash method. K) and solidus (TS: K) for ultra low carbon steel (ULCS), low carbon steel (LCS), medium carbon steel (MCS), 1.2 % silicon steel (1.2 % Si), 9 % nickel steel (9 % Ni) and 13 % chromium steel (13 % Cr).
centage linear thermal expansion of the six steel specimens were measured in the temperature range from room temperature to 1 676 K under an argon gas flow condition by using a dilatometer. The size of steel specimens for measurement of linear thermal expansion is 25 mm in length and 5 mm in diameter. Thermal diffusivity was measured under vacuum of less than 3ϫ10
Ϫ3 Pa by a laser flash method. As shown in Fig.  1 , the upper surface of a specimen with a disk shape, 1 mm in thickness and 10 mm in diameter, was instantaneously irradiated by Nd glass laser (10 J, 1 060 nm emission wavelength). Then, the temperature response at the bottom surface of the specimen was measured by using an InSb infrared detector (1.2-5.5 mm effective wavelength). The specimens were heated up to 1 676 K with a tungsten mesh heater. The specimen surface was coated with a graphite powder spray to improve the signal to noise ratio of the response curve at room temperature. On the other hand, the graphite powder spray was not utilized at elevated temperatures to keep the specimens free from contamination with carbon. In addition, the signal to noise ratio was improved in this work by accumulating ten temperature response curves.
The half-time method 3) at elevated temperature in the temperature range of above 1 000 K is known to be, more or less, affected by radiative heat loss from the specimen surface. Then, the curve fitting method was employed in this work to determine the thermal diffusivity value of the steel specimens. The temperature rise of the rear surface, T r , is described by Eq. (6) where T M ϭQ/C is the maximum temperature rise of the rear surface of the specimen with no heat loss, Q is the total energy absorbed by the specimen, C is the heat capacity of the specimen, s is the Stefan-Boltzmann constant, T 0 is the steady-state temperature of specimen, l is the thickness of specimen, r is the density of specimen, C p is the specific heat capacity, and e s is the emissivity of the surface of specimen. Thermal diffusivity value, a, can be obtained by fitting Eq. (1) to the measured temperature response with a least square method. The values of Y and T M are experimentally obtained from the cooling part of the measured temperature response curve. It may be worthy of note that the values of r, C p and e s are not required to determine the thermal diffusivity in this data processing, as already described in detail by Cezarian et al.
4)

Results and Discussion
Linear Thermal Expansion of Steels
The linear thermal expansion values of six steels were measured in the temperature range from 603 to 1 680 K. The percentage linear thermal expansion of three carbon steels is shown in Fig. 2 as a function of temperature. The recommended values for percentage linear thermal expansion of iron 5) were also illustrated by dashed-and-dotted line in Fig. 2 . The percentage linear thermal expansion of ultra low carbon steel decreases in the temperature range from 1 175 to 1 180 K. Similar behavior is detected in the temperature range from 990 to 1 160 K for low carbon steel and that from 990 to 1 115 K for medium carbon steel, respectively. Such decrease corresponds to the phase transformation from ferrite (bcc) phase to austenite (fcc) phase. The amount of the change of the elongation due to the transformation is less than that of the literature value of iron as shown in Fig. 2 specimen of iron in the literature as well as the experimental conditions. However, there are no obvious explanations for the differences between them. On the other hand, the percentage linear thermal expansion of ultra low carbon steel increases in the temperature close to 1 660 K. This variation is attributed to the phase transformation from austenite (fcc) to d-ferrite (bcc) and they are coincident well with the values given in the Fe-C phase diagram. 6) The percentage linear thermal expansion of three special steels is shown in Fig. 3 as a function of temperature. The variation, corresponding to the phase transformation from ferrite (bcc) to austenite (fcc), is detected in the temperature range from 900 to 975 K for the 9% nickel steel and from 1 070 to 1 115 K for the 13% chromium steel, respectively. However, only the monotonic increase is observed in the percentage linear thermal expansion of the 1.2% silicon steel with increasing temperature, because only ferrite (bcc) phase can be available in the 1.2% silicon steel as confirmed by the Fe-Si phase diagram.
7) The percentage linear thermal expansion, 100DL/L RT ,* of six steels was fitted using a polynomial regression (fourth term), similar to the previous cases 8, 9) for further analysis of thermal diffusivity as a function of T in K. The uncertainty of the linear thermal expansion of the six steels is Ϯ2%, based on the previous results for silicon using the same apparatus.
10) The regression coefficients obtained are listed in Table 2 .
Estimation of the Decrease in the Specimen
Thickness After the thermal diffusivity measurement close to solidus of the specimens, the reduction in both weight and thickness was clearly observed for all steel specimens. The changes are summarized in Table 3 . The variation detected in thickness may be mainly due to evaporation of oxides formed on the specimen surface because the relatively low melting point is cited for these oxides. On the other hand, the change in diameter of the steel specimen was not observed before and after the measurement. In order to determine thermal diffusivity, an accurate value of the specimen thickness is essentially required at desired temperature.
In order to estimate the thickness change at elevated temperature, the following procedure was employed. After heating for 30 min at 1 572, 1 622 and 1676 K, the steel specimens were quenched by furnace cooling. The quenching rate was the order of 100 K/s at 1 573 K. The thickness of the quenched specimens was measured at room temperature using a micrometer. The true decrease in thickness of steel specimen, b (mm), in the vertical axis at the elevated temperature is introduced to estimate the thickness change, and this parameter can be given by Eq. (7) (7) where l loss is the decrease of thickness of the as-quenched specimen. The value of b of three carbon steels is shown in Fig. 4 and that of special steels is given in Fig. 5 , as a function of temperature difference defined by Ts-T, where Ts and T are solidus 11) and measured temperature. The specimen thickness drastically decreases with increasing temperature so as to be the temperature difference, Ts-T, less than 200 K. When the value of, Ts-T, is 100 K, the decrease in thickness is 0.06 mm for the 9% nickel steel and 0.085 mm for other steels. * L RT is the length of a specimen for measuring the linear thermal expansion coefficient at room temperature, and DL is the elongation measured by the dilatometer. The expressions are not given in the two-phase region because no measurement of thermal diffusivity is made in that region. of ultra low carbon steel (ULCS), low carbon steel (LCS), medium carbon steel (MCS), 1.2 % silicon steel (1.2 % Si), 9 % nickel steel (9 % Ni) and 13% chromium steel (13 % Cr) fitted using a polynominal regression. The uncertainty of linear thermal expansion of six steels is suggested to be Ϯ2 %, based on the previous work on silicon using the same apparatus.
10) Table 3 . Changes of weight and thickness for ultra low carbon steel (ULCS), low carbon steel (LCS), medium carbon steel (MCS), 1.2 % silicon steel (1.2 % Si), 9% nicklel steel (9 % Ni) and 13 % chromium steel (13% Cr).
Measurements of Thermal Diffusivity
From the results of the linear thermal expansion coefficient and the change in thickness of steel specimens, the specimen thickness, l T , at elevated temperature can be given by Eq. (8) (8) where l RT is the specimen thickness at room temperature. By using the relation of Eq. (19), the correction for specimen thickness is made for determing the thermal diffusivity value at temperature near solidus from measured temperature response curve. The measured temperature response curve is shown in Fig. 6 using the result of ultra low carbon steel at 773 K as an example. The temperature response of the bottom surface of the specimen instantaneously increases after laser irradiation, and shows the maximum value, then decreases due to the radiative heat loss from the surface of the specimen. This temperature response curve is fitted by Eq. (1), then the thermal diffusivity value can be obtained. Solid line in Fig. 6 is denoted by the fitted temperature response curve which reproduces well the measured data.
The thermal diffusivity values obtained in the temperature range from room temperature to 1 676 K are shown in Fig. 7 for ultra low carbon, low carbon, and medium carbon steels. The recommended values for thermal diffusivity of Armco iron are available in the temperature range between 700 K and 1 400 K. The recommended values 1) are also shown in Fig. 7 . The measured values show the same tendency and good agreement with the literature values. The results are summarized as follows:
(1) The thermal diffusivity values of medium carbon steel, its carbon concentration is relatively high, is found to be smaller than those of ultra low and low carbon steels in the temperature range below ferrite-austenite A 1 transformation point (1 013 K). (2) The thermal diffusivity values of three carbon steels decreases with increasing temperature below ferriteaustenite A 1 transformation point.
(3) The thermal diffusivity values of three carbon steels slightly increase with increasing temperature above ferriteaustenite A1 transformation point.
On the other hand, the thermal diffusivity values for special steels are shown in Fig. 8 . The results are summarized as follows:
(1) The thermal diffusivity values of special steels decrease with increasing temperature up to 1 000 K.
(2) The thermal diffusivity values of special steels slightly increase when temperature is higher than 1 000 K. It may be noted that similar temperature dependence of thermal diffusivity are also found in several alloy specimens. 12) (3) The thermal diffusivity values of special steels are smaller than those of carbon steels in the temperature range from room temperature to 1 000 K.
Summary
In this work, the thermal diffusivity values of six steels were successfully determined by estimating the specimen thickness accurately at elevated temperature near solidus. Thermal diffusivity values of six steels are summarized in Table 4 . Measured thermal diffusivity values, a, of six steels in the temperature range of austenite phase were fitted using a linear regression. The results in the unit of mm 2 s Ϫ1 are given below (T in K) for further convenience. The regression coefficients are listed in Table 5 .
The uncertainty of thermal diffusivity of six steels below 1 375 K is Ϯ1.6%. The uncertainty of thermal diffusivity of six steels above 1 572 K increases to Ϯ5.8% because the uncertainty of b. It would be interesting to extend the present results to computer simulation for some steel making process, especially for designing the appropriate hot rolling and casting process with sufficient reliability. ) of ultra low carbon steel (ULCS), low carbon steel (LCS), mediumm carbon steel (MCS), 1.2 % silicon steel (1.2 % Si), 9 % nickel steel (9 % Ni) and 13% chromium steel (13 % Cr). ) of ultra low carbon steel (ULCS), low carbon (LCS), medium carbon steel (MCS), 1.2 % silicon steel (1.2% Si), 9 % nickel steel (9 % Ni) and 13 % chromium steel (13 % Cr) in the temperature range of austenite phase fitted using a linear regression. The uncertainty of thermal diffusivity of six steels below 1 375 K is Ϯ1.6 %. The uncertainty of thermal diffusivity of six steels above 1 572 K is Ϯ5.8 %. 100DL/L RT : Percentage linear thermal expansion
